Orbital characters of three-dimensional Fermi surfaces in Eu2-xSrxNiO4
  as probed by soft-x-ray angle-resolved photoemission spectroscopy by Uchida, M. et al.
ar
X
iv
:1
11
2.
22
59
v1
  [
co
nd
-m
at.
str
-el
]  
10
 D
ec
 20
11
Orbital characters of three-dimensional Fermi surfaces in Eu2−xSrxNiO4 as probed by
soft-x-ray angle-resolved photoemission spectroscopy
M. Uchida1, K. Ishizaka1, P. Hansmann2, X. Yang3, M. Sakano1, J. Miyawaki4, R. Arita1, Y. Kaneko5, Y.
Takata4, M. Oura4, A. Toschi2, K. Held2, A. Chainani4, O. K. Andersen6, S. Shin4,7, and Y. Tokura1,5,8
1Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
2Institut for Solid State Physics, Vienna University of Technology, 1040 Vienna, Austria
3School of Materials Science and Engineering, Nanyang Technological University, Singapore 639798, Singapore
4RIKEN SPring-8 Center, Hyogo 679-5148, Japan
5Multiferroics Project, ERATO, Japan Science and Technology Agency (JST), Tokyo 113-8656, Japan
6Max-Planck-Institut fu¨r Festko¨rperforschung, D-70569 Stuttgart, Germany
7Institute for Solid State Physics (ISSP), University of Tokyo, Chiba 277-8561, Japan
8Cross-Correlated Materials Research Group (CMRG) and Correlated Electron Research Group (CERG),
RIKEN Advanced Science Institute (ASI), Wako 351-0198, Japan
The three-dimensional Fermi surface structure of hole-doped metallic layered nickelate
Eu2−xSrxNiO4 (x = 1.1), an important counterpart to the isostructural superconducting cuprate
La2−xSrxCuO4, is investigated by energy-dependent soft-x-ray angle-resolved photoemission spec-
troscopy. In addition to a large cylindrical hole Fermi surface analogous to the cuprates, we observe
a Γ-centered 3z2 − r2-derived small electron pocket. This finding demonstrates that in the layered
nickelate the 3z2 − r2 band resides close to the x2 − y2 one in energy. The resultant multi-band
feature with varying orbital character as revealed may strongly work against the emergence of the
high-temperature superconductivity.
PACS numbers: 71.18.+y, 79.60.-i, 74.25.Jb
High-temperature superconductivity in the cuprate
family has been a central issue of interests in the field of
strongly correlated electron systems. While an essential
role of band-filling control (charge doping) in the CuO2
plane with a quantum spin (S = 1/2) state has been
clarified, the bottom line of the material conditions for
the high-temperature superconductivity remains elusive.
In this context, designing analogs of the layered cuprates
with other transition metal oxides and comparing their
electronic states should help understanding of uniqueness
of the superconducting cuprates. The electronic struc-
tures of several layered antiferromagnets with S = 1/2,
such as 3d1 vanadates1–3 and 3d7 nickelates,4–6 have been
mainly theoretically examined from this angle. Recently,
the Mott-insulating 5d5 layered iridates with an effec-
tive moment J = 1/2 have also attracted much attention
as potential host materials.7–10 A comprehensive experi-
mental study on such analogs can place strong constraints
on possible microscopic mechanisms of the superconduc-
tivity, although it has achieved only limited success so
far.
Single-layer nickelate R2−xSrxNiO4 (R: rare earth ele-
ments), isostructural to superconducting La2−xSrxCuO4
(LSCO), has attracted attention for long as one of the
most important counterpart materials to the supercon-
ducting cuprates.4,11–20 The parent compound (x = 0)
is an antiferromagnetic insulator with TN ∼ 330 K,11
and with hole-doping this system also shows a quasi-two-
dimensional antiferromagnetic insulator-metal transition
at about x = 1.12–14 In the low-doping region, it has been
found that the doped holes spontaneously form diagonal-
stripe (x ∼ 1/3)15–17 and checkerboard (x ∼ 1/2)18,19
charge orders in the NiO2 plane. While anomalous
metallic behaviors represented by strongly temperature-
dependent Hall resistivity and mostly-incoherent charge
dynamics have recently been reported on the verge of
the Mott transition (x ∼ 1.0-1.1)14,20 in close analogy to
the cuprate case, superconductivity has not been found
in the nickelates so far.12,13 Considering that this nick-
elate system shares many other conditions which have
been thought to be prerequisites for the high-temperature
superconductivity, such as quasi two-dimensionality, a
proximate quantum spin insulating state, and charge
and antiferromagnetic-spin correlations, one important
point to be considered is the orbital configuration of
R2−xSrxNiO4 around x = 1 (3d
7). Especially if the
dx2−y2 energy level were lower than the d3z2−r2 one, holes
would be doped into the single x2−y2 band in the barely
metallic state above x = 1, realizing an electronic state
similar to the superconducting cuprates. This situation
has been theoretically predicted for a LaNiO3/LaAlO3
superlattice system,6 which is anticipated to host the
high-temperature superconductivity as well. Recent laser
angle-resolved photoemission spectroscopy (ARPES) of
Eu2−xSrxNiO4 (ESNO) has indeed clarified a fraction
of the large hole Fermi surface (FS) analogous to the
cuprates.20 Local-density approximation (LDA) calcula-
tion, on the other hand, shows that the 3z2 − r2 band
exists in the vicinity of the x2 − y2 one and that the
FSs consist of the large hole-like cylinder and an ad-
ditional 3z2 − r2-derived small electron-like sphere, as
shown in Fig. 1(a). FS structure and its orbital character
should be closely related to the emergence of the high-
temperature superconductivity,21 and thus investigation
of the complete three-dimensional (3D) FS in the layered
nickelate is of crucial importance for revealing the cri-
2FIG. 1: (Color online). (a) Calculated 3D FSs of ESNO
(x = 1.1) in a Brillouin zone of the body-centered tetragonal
structure. (b) Experimental configuration of a NiO2 plane,
light polarization vectors and the mirror plane (11¯0), under
the grazing light incidence. (c) Momentum regions of the
SX-ARPES measurement over the 3D Brillouin zones. The
momentum cuts at the typical incident photon energies cor-
respond to the arcs shown with thick dashed curves, passing
through some high-symmetry points (Γ and Z). We used an
inner potential and a work function of 15 and 5 eV, respec-
tively, to make the periodic kz-dependence consistent.
teria which separate the non-superconducting nickelates
and the superconducting cuprates. Here we report hν-
dependent soft-x-ray (SX)-ARPES experiment on ESNO
at x = 1.1 and discuss the contrasting FS structures with
focus on the multi-orbital character.
Single crystals of ESNO (x = 1.1) were grown by the
floating-zone method in a high-pressure oxygen atmo-
sphere (pO2 = 60 atm). SX-ARPES experiments with
excitation energies of hν = 510 − 590 eV were carried
out with a hemispherical electron analyzer, Gammadata-
Scienta SES2002, at undulator beam line BL17SU of
SPring-8.22 The SX-ARPES endstation employs grazing
incidence geometry to increase the photoelectron yield,
as shown in the schematic setup configuration in Fig.
1(b). Its geometry also ensures that the x-ray photon
momentum correction can be simply taken into account
(∆kx+y ∼ 0.2Γ-X at hν = 550 eV), with negligible mod-
ification of the kz momentum. The momentum cuts
traced by the specific photon energies mainly used are
shown in Fig. 1(c). The ARPES measurements were per-
formed in a high vacuum of 1× 10−10 torr, at 45 K. The
energy resolution was set to 150 meV. Along with circu-
larly polarized x-rays, to observe all the orbital compo-
nents, linearly polarized x-rays were also utilized to selec-
tively extract the d-orbital character. The degree of the
linear polarization was about 80%. The LDA calculation
was performed with the linear and Nth-order muffin-tin
orbital methods,23 as described in detail elsewhere.20
Figure 2 represents the overall 3D FSs of ESNO (x =
1.1) as observed by SX-ARPES. In an example of the in-
plane FS shown in Fig. 2(a), measured at hν = 550.0
eV, (pi, pi)-centered large hole FS contours are clearly
visible with the parallel straight segments around the
(pi, 0) regions. The image plot along the momentum cut
A shown in Fig. 2(b) indicates that the band disper-
sion around the (pi, 0) point has a van Hove singularity
(VHS) at about 0.2 eV below EF, and thus it ensures that
FIG. 2: (Color online). 3D FS topology of ESNO (x = 1.1).
(a) FS map in the kx-ky plane taken with 550.0 eV circularly
polarized light. (b) Image of the band dispersion correspond-
ing to the momentum cut A shown in (a). (c) and (d) FS maps
in the kx+y-kz plane including the momentum cut B and the
Γ-Z line, taken using circular and linear p polarization light,
respectively. The photon energy range of hν = 535.0-587.5
eV is used. The momentum-space maps are obtained by in-
tegrating the photoemission intensity within an EF±75 meV
window. The thick dashed lines represent the kF positions
or the energy dispersions obtained from the MDC peak posi-
tions.
the FS indeed remains hole-like despite its large volume.
Hereafter, we use the terminologies “nodal” and “antin-
odal” for the (0, 0)-(pi, pi) and (0, 0)-(pi, 0) directions of
the observed large hole FS, respectively, to comprehen-
sively discuss the common electronic structures between
the layered nickelates and cuprates.
In Fig. 2(c) we show the kz-dependent FS map con-
taining the nodal momentum cut B, as obtained using the
circular polarization light. It shows a rather 2D compo-
nent at kx+y ∼ 1.8
√
2pi/a with small warping along the
kz direction, which corresponds to the aforementioned
(pi, pi)-centered hole-like FS. In addition, it presents weak
but distinct intensity distribution around the Γ point,
suggesting the existence of another 3D FS. Figure 2(d)
gives the FS map in the same region, measured by adopt-
ing the linear p polarization. The Γ-centered spectral
weight is more clearly discerned in comparison with the
quasi-2D hole FS, indicating that the aforementioned
small FS exists around the Γ point besides the large cylin-
drical hole FS.
From now on, we proceed to the detailed electronic
structures forming the two FSs. Figures 3(a) and 3(b)
present the in-plane FSs at kz = 0 and pi/c planes, mea-
sured at hν = 587.5 and 562.5 eV, respectively. The
ARPES intensity from the small FS can be seen around
the Γ point, while no intensity around the Z point. Im-
3ages of the band dispersions forming the FSs are shown
in Figs. 3(c)-(f). To distinguish the bands consisting of
x2−y2 or 3z2−r2 orbital character, we utilized the s and
p polarization. In our experimental geometry (Fig. 1(b)),
s (p) polarization has odd (even) parity with respect to
the mirror plane, which contains all the photoemission
vectors. The initial state x2 − y2 (3z2 − r2) wave func-
tion has also odd (even) parity with respect to the mirror
plane, and then the matrix element argument24 leads to a
simple selection rule that a band dispersion with x2− y2
(3z2 − r2) character appears only in the s (p) configu-
ration. As shown in Fig. 3(c), at kz = 0 plane, the
dispersion of the large hole FS is clearly seen but that of
the small FS is not observed with the s polarization. In
the case of the p polarization shown in Fig. 3(d), by con-
trast, the hole band dispersion almost disappears while a
shallow electron pocket dispersion clearly appears. It in-
dicates that the large hole sheet and small electron pocket
have the x2− y2 and 3z2− r2 characters along the nodal
direction, respectively. Since hybridization between the
two eg orbitals is forbidden along the nodal (0, 0)-(pi, pi)
line,25 the discernible hole band with p polarization (Fig.
3(d)) is not due to the orbital hybridization but may arise
from the limited degree (∼ 80%) of the linear polariza-
tion. At kz = pi/c plane, on the other hand, only the
x2−y2-derived hole band dispersion is observed, as shown
in Figs. 3(e) and 3(f). These contrastive behaviors can
be more clearly discerned in the corresponding momen-
tum distribution curves (MDCs) shown in Figs. 3(g)-3(j).
Well-defined MDC peaks (Fig. 3(h)) represent the clear
dispersion of the electron pocket with a depth of about
0.1 eV. Our polarization-dependent ARPES results thus
fully demonstrate that the 3z2 − r2-derived electron FS
indeed exists around the Γ point, as predicted by the
LDA band calculation. As for the hole band dispersion
(Figs. 3(c) and 3(e)), in addition, kink-like structures
are clearly seen on a high-energy scale (∼ 0.2-0.4 eV) for
both kz = 0 and pi/c planes. This deviation from the
bare band dispersion, termed the high-energy kink, has
been observed at a comparable energy ubiquitously in
the superconducting cuprates.26,27 It indicates that the
layered nickelate indeed shares the high-energy physics
behind the anomaly, such as a coupling to bosons28 or
renormalization by the strong electron correlation,27,29
with the case of the cuprates.
Among the fundamental electronic structure of the
metallic layered nickelate as revealed by the present SX-
ARPES, one remarkable difference from the cuprate fam-
ily is the existence of the small but definite 3z2 − r2-
derived electron pocket at the zone center. Such a multi-
band nature of the FS as derived from the orbital de-
generacy, not observed in the superconducting cuprates,
may strongly inhibit the d-wave superconductivity. To be
noted furthermore is the overall orbital character of the
large hole FS, considering that the 3z2 − r2 band across
the Fermi energy can also cause the orbital mixing away
from the nodal (0, 0)-(pi, pi) direction.25 Figure 4(a) illus-
trates the in-plane momentum dependence of the relative
FIG. 3: (Color online). In-plane FSs measured with (a) 587.5
and (b) 562.5 eV circularly polarized light. They correspond
to those in kz = 0 and pi/c planes, respectively. The intensity
maps are taken using the same integration window of EF±75
meV as in Fig. 2. The thick dashed lines show the kF po-
sitions determined by the MDCs at EF. (c)-(f) Image plots
of band dispersions with s and p polarization at the momen-
tum cuts shown in (a) and (b). For clarity, data have been
symmetrized at the Γ and Z points. The dashed lines show
the energy dispersions experimentally determined by follow-
ing the MDC peak positions like the open squares with error
bars. (g)-(j) Stacks of the corresponding MDC profiles plotted
for every 0.1 eV.
(3z2− r2)/(x2 − y2) character obtained by the LDA cal-
culation. The Γ-centered electron FS mainly consists of
the 3z2 − r2 component. For the hole FS, except at the
nodal point with the genuine x2 − y2 character as con-
firmed by the polarization-dependent ARPES, the two
eg-orbital components are nearly comparable over a wide
momentum-region including from off-nodal to antinodal
directions. To compare to the case of the isostructural
layered cuprate, we show in Fig. 4(b) the corresponding
calculation result for LSCO at optimal doping (x = 0.15).
Also in this superconducting cuprate, the 3z2 − r2 or-
bital is rather strongly hybridized at the antinodal (pi, 0)
region. From nodal to off-nodal regions, however, the
x2 − y2 contribution is widely dominant in contrast to
the case of ESNO. In various superconducting cuprates
including LSCO, some systematic experiments have in-
dicated a possibility that only the near-nodal quasipar-
ticles contribute to the d-wave superconductivity while
4FIG. 4: (Color online). Momentum-space variation of the cal-
culated (x2 − y2)/(3z2 − r2) character of the FSs at kz = 0
plane in (a) ESNO (x = 1.1) and (b) LSCO (x = 0.15). Focus-
ing on the large hole-like FS, the two eg orbitals are strongly
hybridized at the antinodal region in both the systems. As for
the near-nodal region, on the other hand, the relative char-
acters are nearly comparable in ESNO except at the nodal
point, while the x2 − y2 character remains highly dominant
in LSCO. Similar momentum dependence was obtained also
at other kz cuts (not shown).
the antinodal ones remain incoherent.30–32 In the light of
this scenario, the comparison between ESNO and LSCO
suggests that the near-nodal orbital character would be
of great significance for the emergence of the supercon-
ductivity.
We have thus clarified the overall differences of the
FS and its orbital character between the layered nick-
elates and cuprates. Our findings indicate that in the
nickelate system a suite of the FS changes, the appear-
ance of the small electron pocket, and the non-negligible
orbital mixing especially near the off-nodal direction, re-
sults from the eg-band energy level difference. While the
present approach from the non-superconducting analog
suggests that multi-band features with varying orbital
character as revealed may work against the emergence
of the high-temperature superconductivity, further con-
trol of the eg-band level from the presented level, such
as by chemical substitutions and fabrications of multi-
layer/heterostructure, will lead to the development of
nickelate-based superconductors.
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